The chiral ligand (−)-sparteine and PdCl 2 catalyze the enantioselective oxidation of secondary alcohols to ketones and thus effect a kinetic resolution. The structural features of sparteine that led to the selectivity observed in the reaction were not clear. Substitution experiments with pyridine derivatives and structural studies of the complexes generated were carried out on (sparteine)PdCl 2 that indicate the C 1 symmetry of (−)-sparteine is essential to the location of substitution at the metal center. Palladium alkoxides were synthesized from secondary alcohols that are relevant steric models for the kinetic resolution. The solid state structures of the alkoxides also confirmed the results from the pyridine derivative substitution studies. A model for enantioinduction was developed with C 1 symmetry and Cl − as key features. Further studies of the diastereomers of (−)-sparteine, (−)-α-isoand (+)-β-isosparteine in the kinetic resolution showed that these C 2 -symmetric counterparts are inferior ligands in this stereoablative reaction. 1
Introduction
Palladium-catalyzed aerobic oxidation has been known for nearly a century since the discovery by Wieland that this metal could convert alcohols to aldehydes in aqueous media. 2 Modern developments to this reaction were initiated in 1977 by Schwartz and Blackburn, who reported that palladium(II) acetate and sodium acetate could aerobically oxidize alcohols to carbonyl compounds. 3,4 More recently, our laboratory has developed the enantioselective aerobic oxidation of secondary alcohols by palladium(II) and (−)-sparteine (1). 5, 6 An example of this transformation is shown in Scheme 1. While numerous improvements to oxidative kinetic resolution have been made, and the mechanism has been analyzed kinetically, 6a,e,7 there had been no reports detailing a structural model for asymmetric induction by (−)-sparteine (1) in these reactions. We recently communicated such a model, which was subsequently verified by calculations. 8,9 Herein, we describe in full the experiments that support our model for the absolute stereochemical outcome. This model is based on the reactivity and solid state structures of a series of palladium(II) complexes, including the first reported structures of chiral palladium alkoxides relevant to this system. New studies of the diastereomers of (−)-sparteine (1) and of another catalyst precursor lend further support to our model, and highlight the alkaloid (−)-sparteine (1) as an atypical c chiral ligand.
are summarized in Table 1 for three different substrates. 10 The original conditions, which employ toluene, can be accelerated by the addition of Cs 2 CO 3 and t-butanol. The use of chloroform as a solvent permits reaction at a lower temperature, and facilitates the use of air as a reoxidant. Extensive studies of the substrate scope under these reaction conditions have been carried out, and the reaction has been employed in the synthesis of certain pharmaceutical intermediates. 11 Despite these advancements, we were unable to find any ligand other than (−)-sparteine (1) capable of inducing high levels of selectivity in the reaction, and were thus limited to one enantiomeric series, as the other enantiomer of 1 is not readily available. 12, 13 In general, the oxidation of alcohols to carbonyl compounds by palladium(II) most likely involves associative alcohol substitution at the palladium center (Figure 1, 7) , deprotonation of the resulting palladium alcohol complex (8) by base to form a palladium alkoxide (9) , and β-hydrogen elimination to the carbonyl compound (13, Figure 1 , catalyst regeneration steps not shown). 14 Sigman and coworkers have carried out extensive kinetic studies of the oxidative kinetic resolution using ((−)-sparteine)PdCl 2 (14, (sp)PdCl 2 , Figure 2 ), (−)-sparteine (1), and O 2 . In their original publication, the authors report that β-hydrogen elimination is rate determining at high base concentration, and propose that the observed enantioselectivity results from a combination of the respective energy barriers for the elimination and the thermodynamic stabilities of the alkoxide complexes. 6e A more recent publication from the same group has revised this original proposal, but maintains that β-hydrogen elimination from and reprotonation of the intermediate palladium alkoxide are the key kinetic influences on the selectivity. 7 The alkoxide of the enantiomer that is oxidized undergoes β-hydrogen elimination more rapidly than the other, and is reprotonated more slowly.
In the analysis described above, 1 was treated as a C 2 symmetric ligand. 15 Only two diastereomeric palladium alkoxides are considered, while in fact four diastereomers are possible because (−)-sparteine is C 1 symmetric. Since the introduction of the DIOP ligand by Kagan in 1972, 16 C 2 symmetry has been a dominant guiding force in the design of improved ligands for enantioselective transition-metal catalyzed reactions. In this respect, a C 2 symmetric scaffold offers distinct advantages: the presence of a symmetry axis reduces the number of competing diastereomeric reaction pathways, enables a more straightforward analysis of substrate-catalyst interactions, and simplifies mechanistic and structural studies. 17 The chiral scaffold of a C 2 symmetric ligand can be modeled by a quadrant diagram of the ligand-metal complex, in which quadrants I and III (or II and IV) are equivalently hindered ( Figure 2A ). (sp)PdCl 2 (14) can be mapped onto this quadrant representation, but the hemispheres of this complex are clearly nonequivalent. 18 As can be seen from the solid-state structure, Cl 1 and Cl 2 are located in different steric environments, due to the different influence of each of the flanking piperidine rings of (−)-sparteine (1). Thus, it is perhaps more accurate to depict 14 with quadrant I fully blocked, but quadrant III only partially blocked ( Figure 2B ).
Given that β-hydrogen elimination is key to enantiodifferentiation, it was also not obvious to us how a C 2 symmetric ligand could induce asymmetry in this process. Figure 3 depicts the transition state for β-hydrogen elimination (see below) imposed on a quadrant diagram for a C 2 symmetric ligand. As the β-agostic interaction between the palladium center and the C-H atom approaches a full Pd-H bond, the transition state becomes more and more symmetrical. If the secondary carbon atom is aligned with the origin point of the quadrant diagram, in fact R L and R S are in identical steric environments.
To understand why (−)-sparteine (1) was the only highly effective ligand for the oxidative kinetic resolution, we became interested in exploring the steric environment that 1 created in palladium complexes. We chose to address the extent to which the C 1 symmetric (−)-sparteine (1) mimics C 2 symmetry when bound to PdCl 2 . Reported herein are the full results of these investigations, which culminated in an experimentally derived model for the selectivity observed in the oxidative kinetic resolution of secondary alcohols. Further studies involving two other members of the lupin alkaloid family, (−)-α-and (+)-β-isosparteine, 19 complement our model and belie the superiority of C 2 symmetric ligands for all enantioselective reactions. We show also the significance of the halide ligand in enantioinduction, which is also borne out by calculations.
Results and Discussion
Reactivity of (sp)PdCl 2 (14) with pyridine derivatives and their solid-state structures
To experimentally test the degree to which the C 1 symmetric ligand (−)-sparteine (1) approaches C 2 symmetry, a series of substitution reactions were carried out on (sp)PdCl 2 (14) . In an initial experiment, 14 was treated with 1 equiv of AgSbF 6 We next investigated the reaction of 14 with a bulkier pyridine-related compound, 2-methyl isoquinoline (18). The structure and geometry of 18 can be considered structurally analogous to acetophenone, the product of the kinetic resolution (Scheme 4). Under the same reaction conditions, (sp)PdCl 2 (14) reacts with AgSbF 6 in the presence of 18 to produce a crystalline product in moderate yield. If (−)-sparteine (1) were exhibiting the properties of a C 2 symmetric ligand, we anticipated that four possible diastereomeric products could form, resulting from substitution at either Cl 1 or Cl 2 and the atropisomer at each position, but that two would dominate: 19 and 21, or 20 and 22. In the event, two major compounds are indeed observed by 1 H NMR in a 1.3:1 ratio in acetone-d 6 at 25 °C. However, analysis in the solid state by Xray crystallography revealed only substitution of Cl 1 , with both orientations of the isoquinoline ligand related by a rotation of 180° around the Pd-N bond occupying the site, i.e., 19 and 20 (for crystallographic structures, see Supporting Information). 21 This outcome provided further evidence against the possibility that 1 behaved with pseudo C 2 symmetry in this complex. In addition, the mixture of products indicated that the (sp)PdCl 2 fragment was not able to completely discriminate the prochiral faces of a planar molecule, albeit one with a steric environment similar to that of acetophenone.
In order to probe the steric environment of the (sp)PdCl 2 fragment further, we turned to an even bulkier ligand, 2-mesityl pyridine (23) . In this instance, under identical conditions to the syntheses of 16 and 19/20, we observed a good yield of one major product out of four possible by 1 H NMR in acetone-d 6 with approximately 5% of a minor component (Scheme 5). The presence of a single major product indicated that not only had substitution occurred at a single site of the palladium center, but that a single atropisomer about the Pd-N bond was favored, for a suitably bulky ligand. X-ray crystallographic analysis showed that Cl 1 had been substituted as in 16 and 19/20 to give 24, and that the mesityl group resided exclusively in quadrant IV.
The ratio of major and minor products observed in the 1 H NMR spectrum remained nearly unchanged from −60 °C to 45 °C in acetone-d 6 (see Supporting Information). The addition of an equivalent of 2-mesitylpyridine (23) resulted in an increase in the minor peaks in the aryl region of the spectrum, and a disappearance of the minor peaks in the region from 1 to 5 ppm corresponding to palladium-bound (−)-sparteine (1). Thus, the minor product observed by NMR is likely dissociated ligand and an acetone•(sp)PdCl cation, and not any of the other possible positional or rotational isomers.
These ligand substitution experiments present convincing evidence that (−)-sparteine (1) does not mimic a C 2 symmetric ligand when bound to PdCl 2 , and provide information about the steric environment this ligand creates. The unique architecture favors substitution at site A on the palladium center, as depicted in Figure 4 , and can sterically distinguish quadrants III and IV for sufficiently bulky unsymmetrical ligands. Most importantly, quadrants I and III are differentiated, unlike in a truly C 2 symmetric ligand.
The synthesis and reactivity of palladium alkoxides relevant to the oxidative kinetic resolution
To better understand the enantioselective oxidation itself, we set out to synthesize an alkoxide complex relevant to our system. While numerous palladium alkoxides have been characterized, few bear β-hydrogen atoms due to the ease of β-hydrogen elimination. 22 A meaningful steric model for the prototypical oxidative kinetic resolution substrate 1-phenylethanol (28) is α-(trifluoromethyl)benzyl alcohol 29 ( Figure 5 ). 23 Under our kinetic resolution conditions, 29 does not react, presumably because the electron-withdrawing trifluoromethyl group disfavors the β-agostic interaction between the palladium atom and the benzylic C-H bond that precedes elimination. Thus, we hoped that a palladium-alkoxide complex of this alcohol would be relatively stable, and serve as a model of a relevant intermediate in the oxidation reaction. In this way such an alcohol would act as a "suicide inhibitor," or as a sort of trap for a reactive intermediate. Alcohol (+)-29, which corresponds to the more reactive enantiomer of 1-phenylethanol ((+)-28) in the resolution chemistry, was chosen as an initial target for palladium-alkoxide formation.
Treatment of complex 14 with the sodium alkoxide of (+)-29 produced a 64% yield of recrystallized material that was a single major product as observed by 1 H NMR in CD 2 Cl 2 (Scheme 6). The product was shown to be alkoxide complex 31 by X-ray analysis. A single atropisomer is observed and again substitution of Cl 1 occurs exclusively. The phenyl moiety is located in quadrant IV in an orientation similar to that of the mesityl group of complex 24.
As for the cationic pyridyl complexes described above (i.e., 24), the square plane of 31 is distorted such that Cl 2 is displaced toward open quadrant II. In addition, the benzylic C-H bond is oriented toward the palladium center, and parallel to the distorted Pd-Cl bond.
Thermolysis of 31 in toluene-d 8 led to little, if any, ketone. However, when 31 was treated with 1.5 equiv of AgSbF 6 in CD 2 Cl 2 at 25 °C, immediate production of ketone 32 in 92% yield was observed along with unidentified palladium decomposition products (Scheme 7). 24 Silver cation appears to act as a trigger that releases the "trapped" intermediate to undergo β-hydrogen elimination.
The synthesis of the other diastereomer of palladium alkoxide, arising from the opposite enantiomer of alcohol ((−)-29), was also pursued. When (−)-29 was treated with sodium hydride and added to 14, however, two major products were observed by 1 H NMR in an approximately 1:1 ratio (Scheme 8). This was our initial indication that the interaction between the (sp)PdCl fragment and the alcohol corresponding to the slow-reacting enantiomer of 1-phenylethanol ((−)-29) was more complicated than that for (+)-29. The products did not crystallize readily, and only after standing for a period of several months at −18 °C was a mixture of orange and yellow crystals obtained. X-ray analysis revealed the yellow crystals to be bisalkoxide 34, the 1 H NMR spectrum of which was not present in the spectrum of the original product mixture. The orange crystals were dichloride complex 14, also not observed in the original 1 H NMR spectrum. We propose that the initially formed products are a mixture of alkoxide atropisomers that cannot undergo β-hydrogen elimination, and which eventually disproportionate to 14 and 34.
It is unclear why alcohol (−)-29 forms a more complex initial product mixture than the other enantiomer, or why disproportionation occurs. On the basis of the solid state structure of the bisalkoxide, one possibility is that the aryl group, now oriented toward quadrant III, experiences a steric clash with Cl 2 , which destabilizes the complex and leads to disproportionation. 25 Such an interaction could also lead to rotation around the Pd-O bond, giving rise to the mixture of products initially observed. In the bisalkoxide complex, the N 1 -Pd-O 2 angle is less acute than the corresponding N 1 -Pd-Cl angle in monoalkoxide complex 31 (173.14° vs 164.59°), a geometry which perhaps can better accommodate a bulkier group in quadrant III.
Experimentally derived model for the stereoselectivity observed in the oxidative kinetic resolution of secondary alcohols
On the basis of the reactivity of (sp)PdCl 2 (14) and the structures of 16, 19/20, 24, 31, and 34, we have proposed a general model for asymmetric induction in the palladium-catalyzed oxidative kinetic resolution of secondary alcohols. 26 Upon reaction of complex 14 with a racemic mixture of alcohol (35), Cl 1 is substituted preferentially over Cl 2 to form two diastereomeric palladium alkoxides ( Figure 6 , 36 and 37). Either could be reprotonated leading to alcohol dissociation, or could undergo β-hydrogen elimination to afford ketone. Given the geometry of the solid state structure of palladium-alkoxide complex 31, we propose that for the reactive diastereomer (37), the unsaturated moiety (R L ) is located in open quadrant IV. In this geometry, the secondary C-H bond is positioned opposite the oblique Pd-Cl bond. The same orientation of R L in quadrant IV of the less reactive diastereomer 36 requires that the C-H bond point away from Pd (not shown). Alternatively, for diastereomer 36, the C-H bond could approach from the opposite face of the square plane, as depicted by 36a. This geometry, however, would be expected to induce destabilizing interactions between the alkoxide moiety and the piperidine ring in quadrant III, and between the chloride ligand and the piperidine ring in quadrant I. On the basis of the solid state structure of bisalkoxide 34, we expect that unreactive diastereomer 36 likely has the geometry shown in 36b.
The transition state for β-hydrogen elimination (i.e., 38 or 39) is expected to involve a developing cationic palladium species with 4-coordinate square planar geometry, 27 although calculations for this system have shown that Cl − remains closely associated below the square plane (see below). A schematic representation of β-hydrogen elimination for our ligand set is shown in Figure 7 . The C-H bond likely moves into the square plane by an associative substitution mechanism and displacement of the chloride ligand (41). β-Hydrogen elimination results in an intermediate possessing a hydride in a basal position (43). It is possible that β-hydrogen elimination could occur directly from an apical position ( Figure 5B ). In this case, elimination would result in an apical hydride ligand (45). However, because the weakly antibonding d z 2 orbital of a square planar d 8 complex is already filled, the introduction of a σ-bonding apical ligand creates a fully antibonding interaction. Because hydride is a stronger σ-donor than chloride, apical β-hydrogen elimination would result in a higher-energy intermediate (45) than if chloride is forced into the apical position (42). In examples of β-hydrogen elimination from alkyl complexes, the hydride is delivered to a vacant orbital, and not a filled one. Furthermore, calculations by Hoffmann have shown that for five-coordinate, square pyramidal species, hydride ligands prefer to be basal. 28
In structure 31, and in 37 by analogy, the reactive C-H bond is poised to achieve the conformation for β-hydrogen elimination via 39 after displacement of Cl 2 into quadrant II ( Figure 6 ). This sequence of events minimizes potential steric interactions en route to ketone. In contrast, achievement of a similar conformation by diastereomer 36 would entail a destabilizing interaction between R L and quadrant III or between Cl 2 and quadrant I. Furthermore, and perhaps more importantly, a closely associated chloride ion in the apical position below the square plane could further disfavor the diastereomeric transition state (38) by steric crowding with R L . Thus, 37 reacts to form ketone (40), while 36 protolytically dissociates to the observed enantiomer of resolved alcohol (35) . This model predicts the absolute stereochemical outcome of every (sp)PdCl 2 (14) catalyzed oxidative kinetic resolution performed to date.
Extensive calculations by Goddard and coworkers on the oxidative kinetic resolution catalyzed by (sp)PdCl 2 (14) provide theoretical support to the model described herein. 9 The high-level calculations determine the geometry of the alkoxide intermediate for sec-phenethyl alcohol to be similar to that found in the solid-state structure of 31, our model compound for this intermediate. β-Hydrogen elimination proceeds by displacement of the chloride anion by the benzylic C-H bond, although the chloride ion, while not fully bound, remains closely associated to the metal center in the transition state. Significantly, when the chloride ligand was left out of the calculation of the barriers to β-hydrogen elimination from each diastereomer, little difference was found, which indicates that the rates would be similar. Thus, the chloride anion appears to be essential to the selectivity.
Effect of the halide ligand on selectivity and reactivity
On the basis of the experiments and calculations described above, chloride anion appears to play an essential role in communicating the chirality of (−)-sparteine (1) to the bound substrate. Table 2 compares the angles around the square plane determined from the solid-state structures for the (sp)Pd-derived complexes reported herein. The largest disparity among the complexes is in the N 1 -Pd-B, A-Pd-B and N 1 -Pd-A angles. The 2-mesityl pyridine cationic complex (24) and the monoalkoxide (31) are the most distorted, the sum of the six angles between ligands being 699.45° and 701.58°, respectively, compared to 720° in a perfect square plane and 657°f or a tetrahedral geometry. Because, as proposed, Cl 2 remains close to the palladium atom throughout the reaction, it may effectively block quadrant II leaving only one quadrant open for substrate binding. In this way, the transition state for β-hydrogen elimination is further desymmetrized (see Figure 3 ).
If this proposed role for chloride is correct, then a larger, but still coordinating ligand at position B should improve the kinetic resolution. To investigate this possibility, (sp)PdBr 2 (45) was pursued. Ligation of 22 to palladium precursor 46 occurred in moderate yield to provide 45 (Scheme 9). The molecular structure of 45 obtained by X-ray diffraction of a single crystal shows that the Pd-Br 2 bond is further distorted than the Pd-Cl 2 bond of 14. The sum of the angles between the six ligands is 699.22°, which is comparable to the most tetrahedrally distorted complex containing a chloride at position B (24, Table 2 ).
45 was tested in the kinetic resolution reaction of 1-phenylethanol (28). The results for two sets of conditions are shown in Table 3 (entries 1 and 2). 10 Interestingly, high selectivites are obtained at rates 3 to 7 times faster than with (sp)PdCl 2 (14, entries 3 and 4). The effect of the bromide ligand appears to be rate acceleration with comparable selectivity.
The properties and reactivity of α-isosparteine and β-isosparteine in the oxidative kinetic resolution
Having developed a model for selectivity, our attention again turned to the issue of symmetry and whether the C 2 symmetric diastereomers of (−)-sparteine (1) would be more or less selective in the kinetic resolution. The PdCl 2 complexes of the three diastereomers are shown in Figure 8 for comparison. 29,30 For (−)-sparteine (1), the reactions of 14 we have thus far observed have occurred primarily at site A, which appears to be the relevant site of substitution in the kinetic resolution. For the (−)-α-isosparteine (47) complex ((α-isosp)PdCl 2 , 49), reaction, if any, would be forced to occur at a B site, by analogy to 1. That is, both anionic ligands of 49 would be in an environment identical to that of Cl 2 in (sp)PdCl 2 (14) . On the other hand, for the (+)-β-isosparteine (48) complex ((β-isosp)PdCl 2 , 50), in which both flanking piperidine rings are directed away from the metal center, only A sites are available. It was unclear to us what effect this would have on the rate of oxidation. If the C 1 symmetry of (−)-sparteine (1) is essential to its unique selectivity in the kinetic resolution, a comparison of the three diastereomers would reveal this point.
(−)-α-Isosparteine (47) was prepared by the method of Leonard (Scheme 10). 31 Dehydrogenation with mercuric acetate and diastereoselective reduction of the resulting bisenamine 51 provides (−)-α-isosparteine (47). The ligand was reacted with palladium dichloride to give (α-isosp)PdCl 2 (49), and a solid state structure was obtained by X-ray crystallography. In this structure, both Pd-Cl bonds are deflected from planarity by the flanking piperidine rings of the sparteine ligand, and the sum of the six angles around the square plane is 693.72°, the smallest for our sparteine complexes thus far.
(+)-β-Isosparteine (48) was prepared by the method of Winterfeld. 32 Thermolysis of (−)-sparteine (1) in the presence of 1.17 equiv of AlCl 3 at 180-200° in a sealed tube provided a mixture of all three sparteine diastereomers (Scheme 11). Separation by column chromatography provided 48. 33 Ligation to palladium dichloride was achieved in CH 2 Cl 2 , and a solid-state structure of (β-isosp)PdCl 2 (50) was obtained by X-ray crystallography. Without the steric intrusion of the trans quinolizidine ring system at the metal center, the complex is more planar. The sum of the angles around the palladium atom is 710.68°, comparable to bisalkoxide 34, and the closest to square planar geometry of any sparteine-derived complexes containing a chloride ligand.
The oxidative kinetic resolution of 1-phenylethanol (28), our prototypical substrate, was attempted under our standard conditions with 5 mol% of the catalyst (49 or 50) and 0.15 equiv of excess (−)-α-or (+)-β-isosparteine (47 or 48) in toluene at 80 °C in the presence of O 2 and MS3Å (Table 4) . After 72 h, with the (−)-α-isosparteine system, 34% conversion with 29% ee was obtained, for a selectivity factor (s) of 4.7 compared to s = 17.3 with (sp)PdCl 2 (14, entries 1 and 2). (−)-α-Isosparteine (47) appears to induce a much lower reactivity and selectivity in the kinetic resolution. To account for any effect that free ligand may have on the selectivity, the kinetic resolution was carried out in the absence of excess ligand, but with cesium carbonate as a stoichiometric base (entries 3 and 4). 34 The reaction with 49 as catalyst showed little conversion and almost no selectivity. 35 For the (+)-β-isosparteine (48) system, whether with excess ligand (entry 5) or inorganic base (entry 6), there is essentially no selectivity.
The poor selectivity and low reactivity of (α-isosp)PdCl 2 (49) in the kinetic resolution support our hypothesis that (−)-sparteine (1) is a particularly effective ligand due to its C 1 symmetry. While the increased steric bulk that (−)-α-isosparteine (47) provides close to the metal center could be expected to increase the steric interactions that control selectivity, it instead hampers even reactivity. In addition, no benefit is gained from the increased symmetry of the ligand, which stands in contrast to many asymmetric reactions for which a C 2 symmetric ligand provides better selectivity. 17 These results also provide further indication that site A of the (sp)Pd fragment ( Figure 6 ) is the relevant reactive site, and that a Curtin-Hammett situation seems unlikely to be operative in the reaction.
(α-isosp)PdCl 2 (49) is likely a less-reactive catalyst because approach of the substrate and formation of the postulated palladium alkoxide intermediate is hindered by the additional steric bulk; reaction at site B of (sp)PdCl 2 (14) was never favored in the formation of cationic pyridine complexes. On the other hand, because (β-isosp)PdCl 2 (50) features two type A sites, it likely forms an alkoxide complex, but this is slower to undergo β-hydrogen elimination. This may be the case if a distorted Pd-Cl 2 bond is necessary for good reactivity; such distortion may facilitate displacement of Cl 2 to an axial position below the square plane by a C-H agostic interaction ( Figure 5 ). Another possibility is that the more exposed palladium center can easily form a stable bisalkoxide that is resistant to β-hydrogen elimination.
These results provide strong evidence that the truly C 2 symmetric diastereomers of (−)-sparteine (1) are inferior ligands for the oxidative kinetic resolution in terms of both selectivity and reactivity. (−)-Sparteine (1) is perhaps especially effective for this reaction because it provides a highly specific steric environment at the palladium center. One coordination site is accessible to the substrate (site A, or quadrant IV), whereas the others contain the steric bulk necessary to desymmetrize the transition state enough to effect selectivity (Cl at site B, quadrants I and II). Unlike many catalytic enantioselective processes in which the chiral ligand blocks one face of a prochiral substrate from reaction, the oxidative kinetic resolution reaction creates a prochiral molecule. This unusual scenario seems to require a ligand environment more exotic than that provided by standard C 2 symmetric ligands. 36
Summary and Conclusion
We have developed a model for the stereoselectivity in the Pd-catalyzed aerobic oxidative kinetic resolution of secondary alcohols. The model is based on the solid-state structures of coordination complexes and general reactivity trends of (sp)PdCl 2 (14) . The first solid state structure of a non-racemic chiral palladium alkoxide is presented and further demonstrates the subtle steric influences of the ligand (−)-sparteine (1). High-level calculations support our model and emphasize the essential role that the halide ligand plays in selectivity. The C 2 symmetric diasteromers of (−)-sparteine (1), (−)-α-isosparteine (47) and (+)-β-isosparteine (48), were synthesized and investigated from a structural standpoint as well as in the oxidation reaction itself. Both were less selective and less reactive than (−)-sparteine (1), which supports the unusual conclusion that a C 1 symmetric ligand is particulary effective for this oxidative kinetic resolution.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. General mechanism of alcohol oxidation by palladium(II). Model for the enantioselction in the oxidative kinetic resolution by (sp)PdCl 2 . Sparteine and isosparteine diastereomers and their complexes with PdCl 2 .
Scheme 1.
a nbd = norbornadiene. 0.1 M in toluene. 5 mol % Pd(nbd)Cl 2 .
Scheme 5.
a The molecular structures are shown with 50% probability ellipsoids. The hydrogen atoms in the ligand backbone in the side view and the SbF 6 − ion in both views have been omitted for clarity.
Scheme 6.
Scheme 11. a nbd = norbornadiene, s = selectivity factor. 500 mg MS3Å/mmol substrate was used for all four sets of conditions. 
